Metallothionein 3 (MT-3) has the ability to regulate the growth of nerve cells, but the significance of MT-3 expression outside the central nervous system and its participation in carcinogenesis have not yet been clarified. The aim of our study was to investigate the expression of MT-3 in ductal breast cancer and to determine its relationship with well-defined clinicopathological factors in this type of tumor. The study was conducted on 134 cases of invasive ductal breast carcinoma (IDC), 42 samples of non-malignant breast tissue (NMBT), and 26 cases of mastopathy. Moreover, selected breast cancer cell lines (MCF-7, SKBR-3, MDA-MB-231, BO2) and normal human breast epithelial cells (hTERT-HME1) were used. The expression of MT-3 was examined on the protein level using immunohistochemistry and on the mRNA level using real-time PCR. It was shown that the MT-3 protein in cells of IDC and mastopathy appeared in the cytoplasm as well as in the cell nuclei. Both the cytoplasmic and nuclear expression of MT-3 was significantly lower in IDC than in the mastopathies (p<0.0001 and p<0.001). However, no significant correlation was demonstrated between the level of MT-3 protein and the studied clinicopathological factors. The mRNA expression of MT-3 in IDC was also lower than in non-malignant breast tissue (p<0.0001). Furthermore, in the cases of IDC with lymph node metastasis, the level of MT-3 mRNA was significantly lower than in the cases without metastasis (p=0.0199). The expression of MT-3 mRNA in breast cancer cell lines was significantly lower than in the normal human breast epithelial cell line (p<0.001). These results suggest that MT-3 may play a role in the malignant transformation of breast epithelial cells and in tumor progression.
Introduction
Breast cancer is the most common malignant tumor in women worldwide. Despite considerable progress in diagnosis and therapy, it still constitutes an enormous health problem. In recent years, many studies have sought new predictive and prognostic markers.
Among the factors that have been investigated are the metallothioneins (MTs), intracellular proteins of low molecular weight (6-7 kDa). They are characterized by high levels of cysteine residues and low aromatic amino acid content (1) (2) (3) . MTs have the ability to reversibly bind heavy metal ions, such as zinc, copper, mercury, lead, and cadmium (1, 4) . Ten functional metallothionein isoforms have been identified. On the basis of small differences in their amino acid sequences, they are categorized into four groups: MT-1, MT-2, MT-3, and MT-4 (4, 5) . MT-1 and MT-2 are ubiquitous in all eukaryotic cells. MT-3 and MT-4 were originally described as tissuespecific proteins that occur, respectively, in the neurons of the central nervous system and the squamous epithelium of the skin and gastrointestinal tract. However, recent studies of MT-3 isoform show its broader distribution within an organism (5) (6) (7) (8) (9) (10) .
The MTs play an important role in maintaining metal ion homeostasis and in protecting cells against heavy metal toxicity and free radicals (4, 11, 12) . Through their interaction with zinc ions, the MTs affect the activity of many zinc-dependent proteins, including enzymes and transcription factors, thus regulating a number of basic intracellular processes, such as proliferation, cell differentiation, and apoptosis (3, (12) (13) (14) . So far, studies have shown an increase of MT-1 and MT-2 in many tumors of both epithelial and mesenchymal origin (15, 16) . It has been demonstrated that increased expression of MT-1 and MT-2 is associated with greater proliferative potential of tumor cells and is correlated with a more rapid course of the disease and poorer prognosis (17) (18) (19) (20) (21) (22) (23) (24) . It has also been shown that MT-1 and MT-2 are involved in the development of cancer cell resistance to chemotherapy and radiotherapy (25) (26) (27) (28) .
MT-3 was first identified in neurons of the central nervous system (6, 29) . It differs from the other MT isoforms by the presence in the molecule of seven additional amino acids, i.e., threonine in the N-terminal region and six amino acids in the C-terminal region (30) (31) (32) . MT-3 has the ability to inhibit the growth of nerve cells and neurite extension (6, 33) . In subsequent studies, MT-3 has also been found outside the central nervous system, including the kidney, prostate, and salivary glands (34) (35) (36) (37) (38) . Furthermore, it has been shown that the expression of this protein is altered in certain cancers, including prostate, bladder, breast, esophageal, stomach, and lung (36, (39) (40) (41) (42) (43) .
The aim of this study was to investigate the expression of MT-3 in ductal breast cancers, as well as to determine the relationship between the expression of MT-3 and well-defined clinical and pathological factors in this type of tumor.
Materials and methods
Patients and tissue samples. The study was conducted on two separate patient cohorts. In the first group, immunohistochemical (IHC) studies were performed on 134 archival paraffin blocks of invasive ductal breast carcinoma (IDC) and 26 cases of mastopathy obtained from patients treated in the Lower silesian Oncology Centre in wroclaw, Poland, from 1999 to 2005. All the tissue specimens utilized for the study were obtained prior to the beginning of treatment. The paraffin sections, stained with hematoxylin and eosin (H&E), were used to verify the diagnosis and the malignancy grade of the tumors (G), according to wHO criteria (44) . The clinical data of patients were obtained from the hospital archives and are summarized in Table I . All patients were treated with mastectomy or conservative quadrantectomy followed by axillary lymph node resection. Adjuvant chemotherapy, appropriate to the stage of the disease, was applied to 112 women (83.6%), whereas 88 patients (65.7%) were treated with 20 mg tamoxifen daily. Neoadjuvant chemotherapy was administered in patients presenting stage III at diagnosis. Radiotherapy was applied to 63 patients (47.0%). Patients were aged 57.89±12.26 years and were followed up for 51.08±37.61 months (ranging from 1 to 120 months). During this time 24 patients (17.9%) died of the disease.
The second patient cohort, the real-time PCR group, comprised 101 IDC patients treated in the Centre of Oncology, Maria Sklodowska-Curie Memorial Institute in Cracow, Poland, during the years [2004] [2005] . The clinical data of these patients are summarized in Table I . Additionally, in 42 cases non-malignant breast tissue (NMBT) adjacent to the tumor was sampled as a control tissue. Experiments were performed on fresh frozen tumor samples obtained prior to the initiation of systemic treatment, during surgical biopsy, mastectomy, or conservative quadrantectomy followed by axillary lymph node resection. Eighty-five women (84.2%) were treated with systemic chemotherapy and 57 patients (56.4%) received tamoxifen-based therapy. Radiotherapy was applied to 68 patients (67.3%). The mean patient age at diagnosis was 56.4±11.9 years, and patients were followed up for 58.6±27.81 months (ranging from 1 to 12 months), during which time 20 patients (19.8%) died of the disease. The study protocol was approved by the Bioethical Committee of wroclaw Medical university.
Cell lines. Four human breast cancer cell lines, MCF-7, SKBR-3 (Cell lines Collection of the ludwik Hirszfeld Institute of Immunology and Experimental Therapy, wroclaw, Poland), MDA-MB-231 (ATCC, washington, CO, uSA), and BO2 (a derivative of MDA-MB-231, provided by Dr Philippe Clezardin, INSERM u664, France), as well as the normal human breast epithelial cell line hTERT-HME1 (ATCC), were used in this study. All the breast cancer cells were cultured in α-MEM medium supplemented with 10% fetal calf serum (FCS; Invitrogen, Carlsbad, CA, uSA), 2 mM l-glutamine and antibiotics. The normal human breast epithelial cell line was cultured in MEGM Bullet kit medium (lonza, Basel, Switzerland).
Immunohistochemistry (IHC).
Resected tissue samples were fixed in 4% buffered formalin, dehydrated and embedded in paraffin. For the IHC reactions, paraffin blocks were cut into 4 µm-thick sections and fixed on sialinized microscopic slides. Deparaffinization and antigen retrieval were performed using Target Retrieval Solution, pH 9.0 (Dako, Glostrup, Denmark) at 97˚C for 20 min. Subsequently, the sections were washed in Tris-buffered saline and incubated with primary antibodies at room temperature for 20 min. All immunohistochemical reactions were performed using Autostainer link 48 (Dako). To detect MT-3 expression, a non-commercial rabbit polyclonal antibody raised against GGEAAEAEAEKC peptide was used (dilution 1:500; Invitrogen). The Ki-67 antigen was detected using mouse monoclonal antibody, clone MIB-1 (prediluted and ready-to-use, code no. IR626; Dako), estrogen receptor (ER) using mouse monoclonal antibody, clone 1D5 (prediluted and ready-to-use, code no. IR654; Dako) and progesterone receptor (PR) using mouse monoclonal antibody, clone 636 (prediluted and ready-to-use, code no. IR068; Dako). The sections were then visualized using EnVison FlEX reagents (Dako). All slides were counterstained with hematoxylin (Dako). HER2 expression status was determined using HercepTest and HER2 FISH pharmDx kit (both from Dako), following the procedure recommended by the manufacturer. All reactions were conducted with negative controls.
Evaluation of IHC reactions. The IHC reactions were assessed under a BX-41 light microscope (Olympus, Tokyo, Japan) in whole-tissue section. The expression of MT-3 in cytoplasm (cMT-3) was evaluated using the semiquantitative IRs scale, according to Remmele and stegner (45) , which was used in our previous study for MT-1/2 assessment in IDC (46) . The scale is based on the percentage of tumor cells showing a positive reaction (0 points, no cells with positive reaction; 1 point, 1-10% cells with positive reaction; 2 points, 11-50%; 3 points, 51-80%; 4 points, >80% cells) as well as on the intensity of the reaction color (0 points, no reaction; 1 point, low intensity; 2 points, moderate intensity; 3 points, strong intensity reaction color). The final score represents the product of the two values and falls in the range 0-12. The nuclear expression of MT-3 (nMT-3) and of ki-67 antigen were evaluated using a semiquantitative five-grade scale based on the proportion of cells with the reaction product: (0 points, no reaction; 1 point, 1-10%; 2 points, 11-25%; 3 points, 26-50%; 4 points, >50% of cells have the reaction product). The status of ER and PR receptors was scored from 0 to 3 points, depending on the percentage of positive cells (0 points, no reactions; 1 point, 1-10%; 2 points, 11-50%; 3 points, 51-100% stained cells). The expression of HER2 receptors was evaluated using a scale that takes into account both the intensity of the membrane reaction and the percentage of positive tumor cells (47) .
RNA isolation, cDNA synthesis and real-time PCR.
Total RNA was isolated from the tissue samples and the studied cell lines using RNeasy Mini kit (Qiagen, Hilden, Germany) in line with the manufacturer's protocol. To eliminate genomic DNA contamination, on-column DNase digestion was performed using RNase-Free DNase Set (Qiagen). The quantity and purity of RNA samples were assessed by measuring the absorbance at 260 and 280 nm with NanoDrop-1000 spectrophotometer (Thermo Fisher Scientific, wilmington, DE, uSA). First-strand cDNA was synthesized using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). The expression of MT-3 mRNA was determined by real-time PCR with 7900HT Fast Real-Time PCR System and TaqMan Gene Expression Master Mix (Applied Biosystems, Foster City, CA, uSA) according to the manufacturer's protocol. β-actin was used as reference gene. For the reactions, the following sets of primers and TaqMan probes were used: Hs00359394_g1 for MT-3 and Hs99999903_m1 for β-actin (Applied Biosystems). All reactions were performed in triplicate under the following conditions: activation of polymerase at 50˚C for 2 min, initial denaturation at 94˚C for 10 min and 40 cycles of denaturation at 94˚C for 15 sec, followed by annealing and elongation at 60˚C for 1 min. The relative expression of MT-3 mRNA (RQ) was calculated with the ∆∆Ct method (48).
Statistical analysis. Statistical analysis was performed using Prism 5.0 software (GraphPad, la Jolla, CA, uSA). The Kolmogorov-Smirnov test was applied to test for normality of the distribution. The Mann-whitney u test was used to compare the expression level of cMT-3 and nMT-3 between the mastopathies and the IDC tissues, as well as the MT-3 RQ between the NMBT and IDC samples. For paired sample analysis, the wilcoxon matched pairs test was used. The Kruskal-wallis and Dunn's Multiple Comparison tests were utilized to analyze data from more than two groups. The correlations between the clinicopathological parameters and MT-3 expression were analyzed using the Mann-whitney u test, Fisher's exact test and Spearman's correlation test. The Kaplan-Meier method and the log-rank test were used to analyze patients' overall survival. For each variable, the hazard ratio (HR) and the 95% confidence interval (95% CI) were estimated. The unpaired t-test was used to compare differences of MT-3 mRNA expression in studied cell lines. The results were considered statistically significant in the analyses when p<0.05.
Results
Immunohistochemical MT-3 expression and its impact on the patient clinicopathological data. we noted nuclear as well as cytoplasmic MT-3 expression in the duct cells of mastopathies and in cancer cells of IDC (Fig. 1) . Significantly higher nMT-3 and cMT-3 expression was found in mastopathies than in IDC cancer cells (p<0.0001 and p<0.001, respectively; Fig. 2 ). when nMT-3 and cMT-3 expression intensities were compared in IDC cases of particular malignancy grades, no significant differences were found (Fig. 2) . Statistical analysis revealed that nMT-3 expression was significantly higher in . nMT-3 expression was also significantly higher in G2 than in G3 cases (p= 0.017). Interestingly, the nMT-3 and cMT-3 expression correlated in the analyzed mastopathy cases (r=0.71, p<0.0001), but not in the IDC tissues (Fig. 3) . Moreover, it was found that nMT-3 expression was significantly lower in triple-negative breast cancers (TNBC: ER -, PR -and HER2 -) than in the other IDC cases (p<0.05; Fig. 4) .
For statistical analysis, nMT-3 and cMT-3 expression was categorized, in order to enable comparison with the clinicopathological data of the patient. Cases which showed nMT-3 expression level in cancer cells ≤10% were regarded as 'low', while those showing nMT-3 expression >10% were regarded as 'high'. In cMT-3, cases with an IRS of 0-6 were classified as 'low', and those with an IRS of 8-12 as 'high'. Statistical analysis using Fisher's exact test did not reveal any significant associations in either nMT-3 or cMT-3, with the clinicopathological data of the patients, such as age at diagnosis, menopausal status, primary tumor size, the presence of lymph node metastases, pTNM stage, malignancy grade or expressions of ER, PR or HER2. nMT-3 and cMT-3 had no impact on cancer cell proliferation measured by the expression of the Ki-67 antigen in cancer cells (data not shown).
MT-3 mRNA expression level in NMBT and IDC samples.
Real-time PCR revealed that MT-3 mRNA expression was significantly upregulated in NMBT tissues (mean 786.5±579.3), as compared to the paired (mean 296.8±653.6, p<0.0001, wilcoxon matched pair signed rank test) and all (mean 386.8±826.3, p<0.0001, Mann-whitney u test) analyzed IDC cases (Fig. 5) . Cases characterized by lymph node involvement 
Prognostic significance of MT-3 expression.
Univariate survival analysis performed in all studied IDC cases (n=134) revealed that the intensity of nMT-3 and cMT-3 expression had no impact on the overall survival (OS) of the patients. Of the factors investigated here, larger primary tumor size (p=0.0038), presence of lymph node metastases (p= 0.0011), advanced disease stage (p<0.0001) and G3 malignancy grade (p= 0.0124) were associated with the patient poor OS (Table II and Fig. 6 ). In addition, we examined impact of nMT-3 and cMT-3 expression on the patient overall survival in triple-negative (TNBC; n=19) and non-triple-negative (other groups; n=115) IDC samples. TNBC cases were characterized by a significantly shorter overall survival of the patients as compared to the other groups (p<0.01; Fig. 7) . In analyzed TNBC group, cases with nMT-3 expression manifested a significantly shorter overall survival (p<0.05; Fig. 8 ).
In the real-time PCR patient cohort, none of the analyzed parameters, including MT-3 mRNA expression level, had any impact on the patient OS (Table II) .
MT-3 mRNA expression level in the examined cell lines.
The level of MT-3 mRNA in the MCF-7, BT-474, SK-BR-3 and MDA-MB-231 breast cancer cell lines was markedly lower than in the hTERT-HME1 line of normal human breast epithelial cells (p<0.001). The BO2 cell line showed no expression of MT-3 (Fig. 9) .
Discussion
MT-3 was discovered in the central nervous system as a growth inhibitory factor (GIF) (6, 29) . In vitro studies have shown that Table II . univariate analysis of overall survival in invasive ductal breast carcinoma patients in the immunohistochemical and real-time PCR groups. Significant p-values are given in bold. its presence inhibits the growth of nerve cells and neurite formation (6, 30, 33) . A similar effect has been observed in glial cells (49) . There is also evidence that MT-3 protects cells against the harmful effects of free radicals, prevents DNA damage, and participates in repair processes (50) (51) (52) (53) (54) . The role of MT-3 outside the central nervous system has not yet been clarified. Also unknown is the cause of the changes that are seen in the expression of this protein in tumors. The increased expression of MT-3 was originally described in cancers of the prostate and the bladder. It was found that the level of this protein correlates with the tumor malignancy grade (36, 39) . The results in bladder cancer appear particularly promising: they suggest that MT-3 may be an effective biomarker in this type of tumor (39) . The increased expression of MT-3 has also been observed in breast cancers, but its prognostic value cannot be clearly described on the basis of these results. Sens et al initially observed that increased expression of MT-3 is associated with poor prognosis (40) . Although no significant relationship was found between the expression of MT-3 and the clinicopathological factors they investigated, the level of MT-3 protein was significantly higher in cases characterized by an unfavorable course of the disease. The difference was even more pronounced in the preinvasive ductal breast cancer DCIS (40) . later, the same group of researchers published the results of a study on MT-3 expression in breast cancer carried out on a larger group of cases. It was observed that the lack of MT-3 expression is a rare but favorable prognostic factor. However, the previous results were not confirmed, and no association was found between the level of MT-3 and the prognosis (55) .
Immunohistochemical group Real-time PCR group -------------------------------------------------------------------------------------------------------------------------------------------------------
Our studies were carried out on a homogeneous and well-characterized group of invasive ductal breast cancers (IDC). To compare the level of expression of the MT-3 protein in cancerous and non-cancerous tissue, we used cases of mastopathy. The presence of the MT-3 protein was demonstrated by immunohistochemistry in breast cancer cells as well as in normal mammary gland cells within the mastopathies. The MT-3 expression, on both the protein and mRNA levels, was significantly lower in cases of breast cancer than in nonmalignant tissue. This result differs fundamentally from those of previous publications, which showed a lack of MT-3 expression in normal breast tissue. As a consequence, changes in the expression of MT-3 in cases of breast cancer were interpreted as overexpression (40, 55) .
Furthermore, in our study we observed that expression of MT-3 in cancer cells and normal breast cells occurs in both the cytoplasm and the cell nuclei. For this reason, the evaluation of the immunohistochemical reaction was carried out separately in each cellular compartment. The importance of subcellular localization of MTs has already been seen in the case of MT-1 and MT-2. The translocation of these proteins from the cytoplasm to the nucleus was observed, for instance, in the region of hyperplasia in certain cancers as well as in vitro in cells that were either proliferating or treated with high concentrations of glucose and cytostatics (56) (57) (58) (59) . It also seems that the separate assessment of the cytoplasmic and nuclear fractions of MT-1 and MT-2 within the tumor cells may have prognostic and predictive significance (26, 60, 61) . This has been confirmed by recent studies of MT-3 expression in non-small cell lung cancers. It was shown that the nuclear expression of MT-3 was significantly lower in cases of lung cancer than in normal tissue, and decreased with the increasing malignancy of cancer. In turn, the cytoplasmic expression of MT-3 in cases of lung cancer was higher than in normal tissue. It was also found that a lower cytoplasmic expression of MT-3 correlated positively with the size of the primary tumor and is associated with a poor prognosis (43) . In our study, we have shown that both the nuclear and cytoplasmic expression of the MT-3 protein in cases of breast cancer is significantly lower than in cases of non-cancerous tissue. However, we observed no significant correlation between the level of MT-3 protein and the clinicopathological factors and prognosis. The difference in the expression of MT-3 in breast cancer cells and in non-cancerous tissue suggests that MT-3 may play the role of suppressor of the malignant transformation of breast epithelial cells.
It is also worth noting that we examined expression of the MT-3 protein in triple-negative and non-triple-negative breast cancer cases. It is well known that breast cancers of the triplenegative phenotype, which do not express ER, PR and HER2, are characterized by a more aggressive course, poor response to standard treatment and significantly worse prognosis (62, 63) . we have found that nuclear expression of MT-3 is significantly lower in triple-negative breast cancer cases as compared to the other studied breast cancer samples. Interestingly, in our study nuclear expression of MT-3 in triple-negative breast cancers was associated with significantly shorter overall survival of patients. A similar result was obtained by Kmiecik et al, however this phenomenon is now difficult to explain, and requires further studies (64) .
Our results are consistent with other authors who showed that expression of MT-3 is decreased in gastric carcinoma, esophageal squamous cell carcinoma, and adenocarcinoma of the esophagus (41, 42, 65, 66) . As in our study, it has not been shown that the reduced expression of MT-3 has any relationship with clinicopathological factors or survival. It has been found that underlying this phenomenon are epigenetic processes such as DNA methylation within intron 1 and the promoter of the MT-3 gene, as well as modifications of histones (42, 65, 66) . Although the mechanism by which the expression of the MT-3 gene is silenced in tumors of the gastrointestinal tract has been determined by in vitro studies, the causes of this phenomenon are unknown. Initially the relationship between the degree of methylation of the MT-3 gene and prognostic factors was unknown (42, 65) . However, detailed analysis of the profile of epigenetic changes in cancers of the esophagus showed that methylation of only a specific region within the promoter of the MT-3 gene is responsible for the inhibition of transcription and strongly correlates with the progression of cancer and metastases in the lymph nodes (66) . A decrease of MT-3 expression has also been observed in bone marrow cells in the course of acute lymphoblastic leukemia in children (67) . As with the gastrointestinal tract tumors, the inhibition of MT-3 synthesis was the result of hypermethylation in the promoter of MT-3 gene.
The reduced expression of MT-3, seen in the cells of some cancers, could suggest the suppressive role of the protein, analogously to its function in the nervous system. In vitro studies using stable transfection have demonstrated that MT-3 can inhibit the growth not only of neurons, but also cells of epithelial origin, such as PC-3 prostate cancer cells or MCF-7 and Hs578T breast cancer cells (68, 69) . However, the growth inhibitory activity of MT-3 was not confirmed in all breast cancer cell lines, since the overexpression of this protein had no effect on the growth of T-47D, MDA-MB-231, and BO2 cells (64, 69) . The inhibition of cell proliferation associated with the overexpression of MT-3 has also been found in the Eca-109 and TE13 esophageal cancer cells as well as in the Hl-60 and MV4-11 leukemia cells (67, 70) . It is possible, that the decrease of MT-3 expression, associated with malignant transformation, results in the loss of certain suppressor mechanisms by cancer cells. This may aid cell proliferation, promote tumor development and facilitate metastases. Confirmation of this hypothesis may come from the results of the gene expression profile in primary tumors and metastases. studies have shown that downregulation of MT-3 is one of the seventeen changes in gene expression characteristic of metastases and clearly correlates with a poor clinical outcome (71) . A decrease of MT-3 expression was also observed in metastases of pituitary gland adenocarcinoma to the spinal cord (72) . In the present study we have shown that in cases of breast cancer with metastases to lymph nodes, the MT-3 mRNA level was significantly lower than in cases without lymph node involvement.
The results obtained in the in vitro model also confirm our findings in the clinical specimens. we observed that the level of MT-3 mRNA in the MCF-7, BT-474, SK-BR-3, and MDA-MB-231 breast cancer cell lines were significantly lower than in the hTERT-HME1 line of normal human breast epithelial cells. Interestingly, the BO2 cell line, which is a metastasis of MDA-MB-231 cells to the bone, showed no expression of MT-3.
In conclusion, we have shown that the expression of MT-3 in cases of ductal breast cancer is decreased, compared to nonmalignant breast tissue. The results of this study suggest that MT-3 may play a role in the pathogenesis and progression of breast cancer.
